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,QWURGXFWLRQ
7KH JOREDO GHPDQG IRU UHQHZDEOH HQHUJ\ LQ WKH ODVW \HDUV LV IDFLQJ LQQRYDWLRQV OLNH WKH FRJHQHUDWLRQ RI
HOHFWULFLW\DQGKHDWIURPZRRGHQLQGXVWULDOUHVLGXHVDQGELRPDVV:RRGFRPEXVWLRQDQGJDVLILFDWLRQDUHWKHPDLQ
SURFHVVHVRIFRQYHUWLQJ WKHZRRGFKHPLFDOHQHUJ\ LQWR WKHUPDOHQHUJ\3URWR=LPEDODWWL$EHQDYROL%HUQDUGL	
%HQDOLD7KHUHDUHPDQ\GLIIHUHQFHVDPRQJ WKH WZRSURFHVVHV LQSDUWLFXODU LQ WHUPVRI FRPSOH[LW\RI WKH
WHFKQRORJLHV XVHG HIILFLHQF\ YRODWLOH HPLVVLRQV DQG LPSDFW RQ HFRV\VWHPV =LPEDODWWL 	 3URWR  3URWR 	
=LPEDODWWL)RUERWKSURFHVVHVWKHJHQHUDWLRQRIHOHFWULFLW\LVUHDGLO\IHDVLEOHDQGWKHHOHFWULFDOHQHUJ\FDQEH
XVHG IRU ERWK RQ VLWH RIIJULG RU RQJULG FRQVXPSWLRQ0RQHWL 'HOIDQWL 0DUXFFL %HGLQL *DPEHOOD 3URWR 	
*DOOXFFL  ,Q WKH ODVW IHZ \HDUV VPDOOVFDOH S\URJDVLILFDWLRQ SODQWV KDYH EHFRPH DYDLODEOH RQ WKHPDUNHW
7KHVH V\VWHPV DUH PRGHUDWHO\ SULFHG UHDGLO\ DYDLODEOH DQG GLVWLQJXLVKHG E\ D UHPDUNDEOH HDVH RI XVH DQG
PDLQWHQDQFH DQG D JUHDW YHUVDWLOLW\ LQ WKH W\SH RI ELRPDVV SRZHU ZKLFK FDQ UDQJH IURPZRRG FKLSV WR UHIXVH
GHULYHG IXHO IURP PXQLFLSDO VROLG ZDVWH DV ZHOO DV PDQXUH IURP OLYHVWRFN %KDWWDFKDU\D 0L]DQXU 5DKPDQ
6LGGLTXH 	 +RDQJ/XRQJ 3KDP  'RUQEXUJ 	 )DDLM  %ULGJZDWHU HW DO  6HQQHFD





SURYLQFH RI 0RGHQD ± ,WDO\ DQG WKH DQDO\VLV ZHUH FRQGXFWHG LQ WKH \HDUV  DQG  IRU D WRWDO RI 
PHDVXUHPHQWVVHVVLRQVODVWHGDERXWKRXUVHDFK7KHHQJLQHLVHTXLSSHGZLWKDQH[KDXVWJDVKHDWH[FKDQJHU WKH
SODQWWRWDO KHDW UHFRYHU\ LV IDLU FRPSDUHG WR RWKHU V\VWHPV 7KLV LV PRWLYDWHG E\ D SUHFLVH EXVLQHVV VWUDWHJ\ RI
UHGXFLQJ SODQW FRVWV E\ XQGHUH[SORLWLQJ WKH WKHUPDO HQHUJ\ +HDW ZDV XVHG IRU UHVLGHQWLDO SXUSRVHV ZKLOH WKH
HOHFWULFDO HQHUJ\ ZDV SURYLGHG WR WKH QDWLRQDO HQWHUSULVH ³*6(´ (QHUJ\ 6HUYLFHV 0DQDJHU 7KH ZKROH S\UR
JDVLILFDWLRQSURFHVVZDV DQDO\]HG WKRURXJK WKH FKDUDFWHUL]DWLRQRIELRPDVV LQSXWV WKRURXJK WKH UHDOWLPH V\QJDV
PRQLWRULQJ DQG DQDO\VLV WRJHWKHU ZLWK WKH FRQWURO RI YRODWLOH HPLVVLRQV WKH FKDUDFWHUL]DWLRQ RI ZDVWH SURGXFWV
ZDVKLQJZDWHU IXPHVFKDUFRDO  DQG WKHHOHFWULFDOHIILFLHQF\ 0DWKLHX	'XEXLVVRQ3XLJ$UQDYDW -RDQ
&DUOHV	&RURQDV-HQNLQV%D[WHU0LOHV-U	0LOHV
0DWHULDOVDQGPHWKRGV




UHIHUHQFH WR WKHZRRGZHWPDVV 7KH  ELRPDVV VDPSOHV DUH FRQVWLWXWHG RI  SRUWLRQV HDFK VDPSOHG IURP WKH
VWRFNSLOHZLWKDVKRYHO
2.2. Heavy metals content 
7KH FKHPLFDO HOHPHQWV SUHVHQW LQ WKH IXHOV ZHUH PHDVXUHG E\ ;5) VSHFWURPHWU\ (';5) RU ;5D\
)OXRUHVFHQFH(QHUJ\'LVSHUVLRQ7KLV WHFKQRORJ\DOORZHGRQVLWHDQDO\]HVRI WKHFKHPLFDOHOHPHQWVZLWKDWRPLF
QXPEHUKLJKHU WKDQPDJQHVLXPZLWKJRRGSUHFLVLRQDQGVSHHG7KH LQVWUXPHQWZDVDQ;0(72[IRUG
,QVWUXPHQWV LQGHHS WHVWHG DQG RSWLPL]HG 1HJUL	 )HOOLQ  )HOOLQ1HJUL	=DQXWWLQL  D E F )HOOLQ
IRUWKHXVHRQZRRGHQPDWHULDOV7KH;UD\WXEHZDVHQHUJL]HGZLWKYROWDJHRIN9DQGFXUUHQWRIȝ$
7KHPHDVXUHPHQWWLPHRIVSURYLGHGDOLPLWRITXDQWLILFDWLRQRIWKHHOHPHQWVFRPSDWLEOHZLWKUDSLGVFUHHQLQJIRU
WKHGHWHFWLRQRISRVVLEOHFRQWDPLQDWLRQE\KHDY\PHWDOV LQ WKHELRPDVV WRJHWKHUZLWKWKHGHWHFWLRQRIVRPHOLJKW
HOHPHQWV HJ&ORU&DZLWKPLQLPXPTXDQWLILFDWLRQ OHYHOVRIPJNJDQGPJNJUHVSHFWLYHO\7KUHH
UHSOLFD;5)PHDVXUHPHQWVZHUHSHUIRUPHGRQWKHW\SHVRIELRPDVVVDPSOHV
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2.3. pH, solid residues and moisture of the fumes wash liquid  
7KHIXPHVZDVK OLTXLGIXQFWLRQDO WR WKHVFUXEEHUV\QJDVFOHDQHUZDVFKDUDFWHUL]HGE\S+VROLGUHVLGXHVDQG
PRLVWXUHFRQWHQWPHDVXUHPHQWV/LTXLGVSHFLPHQVZHUHWDNHQDWDERXWWZRKRXUVLQWHUYDOZKLOHJDVLILHUZDVIXOO\
RSHUDWLRQDO S+ PHDVXUHPHQWV ZHUH PDGH ZLWK D S+ PHWHU ODERUDWRU\ ZLWK D UHVROXWLRQ RI S+  7KH
PHDVXUHPHQW RI WKH GU\ DQG WKHUHIRUH WKH PRLVWXUH FRQWHQW RI WKH OLTXLG ZDV SHUIRUPHG DFFRUGLQJ WR WKH WHVW
PHWKRGV (1   DQG (1   2QH VDPSOH RI OLTXLGZDV WDNHQ SHU WLPH /LTXLGVZHUHPL[HG
WKRURXJKO\EHIRUHPHDVXUHPHQWVDQGWKUHHUHSHWLWLRQVZHUHSHUIRUPHGIRUHDFKVSHFLPHQ









WKH W92& LQ DWPRVSKHUH ZHUH PDGH YLD D SKRWRLRQL]DWLRQ DQDO\]HU 3KRFNHFN UXQQLQJ LQ FRQWLQXRXV PRGH
DYHUDJLQJUHDGLQJVHYHU\V
2.5. Calculation of the efficiency 
7KHYHULILFDWLRQRIHOHFWULFLW\SURGXFHG WKHFDOFXODWLRQRI WKHSDUWLDOHIILFLHQF\V\QJDVHOHFWULFLW\DQG WKH WRWDO
HIILFLHQF\ ELRPDVVHOHFWULFLW\ZHUH FDUULHG RXW 7KH WRWDO HIILFLHQF\ RI D JDVLILFDWLRQ V\VWHP Ș7RW LV WKH VXP RI
HOHFWULFDQGKHDWHIILFLHQFLHV(OHFWULFHIILFLHQF\LVWKHSURGXFWRIWKHHIILFLHQFLHVRIHDFKSURGXFWLRQVWHS)LJXUH
7KH JDVLILFDWLRQ V\VWHP DW WLPH RIZULWLQJ ODFNHG LQ WKHUPDO DQG HOHFWULFDO SRZHUPRQLWRULQJ V\VWHP WKHUHIRUH
QRPLQDOYDOXHVKDVEHHQDFFRXQWHG6LPLODUO\WKHHIILFLHQF\RIERWKHQJLQHDQGJHQHUDWRUKDVEHHQFDOFXODWHGDVRQH
RQWKHEDVLVRIWKHGDWDVKHHW7KHHOHFWULFVHOIFRQVXPLQJKDVQRWEHHQFRQVLGHUHG7KHWRWDOHIILFLHQF\RIWKHZKROH
SURGXFWLRQ F\FOHZDVWKHUHIRUH FDOFXODWHG RQ WKH EDVLV RI H[SHULPHQWDO DQG WHFKQLFDO GDWD 7KH HQHUJ\ LQSXWZDV
FDOFXODWHGXVLQJ WKHKRXUO\FRQVXPSWLRQRIELRPDVV NJKDQG LWVFDORULILFYDOXH UHODWHG WRZRRGVSHFLHDQG
PRLVWXUHFRQWHQW+DUWPDQQ7KHFKHPLFDOFRPSRVLWLRQRIWKHSURGXFHGV\QJDVZDVWKHQXVHGIRUWKH
PRGHOL]DWLRQ RI LWV ORZHU KHDW YDOXH /+9 E\ FRPELQLQJ WKH LGHDO JDV ODZ DQG JDV YROXPH DQG /+9 UDWLRV
DFFRUGLQJWRWKHIROORZHTXDWLRQ
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3.1. Moisture content of biomass and biochar 





3.2. Heavy metals content 
7KHUHVXOWVRIWKHHOHPHQWDODQDO\VHVLQZRRGFKLSVDQGPDQXUHKLJKOLJKWHGWKHDEVHQFHRIKHDY\PHWDOV6RPH
PHDVXUHVVKRZHGDSUHVHQFHRILURQSHUKDSVGXHE\FRQWDPLQDWLRQRIZRRGFKLSVZLWKVLORVWRUDJHWDQNRUGXHWR
WKH WUDQVSRUW7KHROLJRHOHPHQWDODQDO\VLV VKRZHGQRFRQFHUQ IRUKHDY\PHWDOV DQGDOOGHWHFWHGHOHPHQWVDUH LQ
QRUPDOFRQFHQWUDWLRQV7KHGDWDDUHSUHVHQWHGLQ7DEOH
7DEOH(OHPHQWDU\FKHPLFDOFRPSRVLWLRQRIELRPDVVRIHOHPHQWVZLWKDWRPLFPDVV!0J
6SHFLPHQQDPH &KHPLFDOHOHPHQWFRQFHQWUDWLRQ &D 0Q )H &X =Q 6U
:RRGFKLSVIURP
FRQYH\RUEHOW
PHDQ PJNJ      
VWGHY PJNJ      
FRY       
0DQXUH
PHDQ PJNJ   QG   
VWGHY PJNJ      
FRY       
:RRGFKLSVIURP
FRQWDLQHUVXUIDFH
PHDQ PJNJ    QG  
VWGHY PJNJ      




PHDQ PJNJ    QG  
VWGHY PJNJ      
FRY       
:RRGFKLSV
IURPSLOH
PHDQ PJNJ    QG  
VWGHY PJNJ      
FRY       
:RRGFKLSV
IURPSLOH
PHDQ PJNJ    QG  
VWGHY PJNJ      
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QWDNHQDW       
QWDNHQDW       
QWDNHQDW       
QWDNHQDW       


























PHDQ 0-NJ    
VWGHY 0-NJ    
FRY     
PLQ 0-NJ    






PHDQ 0-NJ    
VWGHY 0-NJ    
FRY     
PLQ 0-NJ    
PD[ 0-NJ    
VHVVLRQPHDQ 
PHDQ 0-NJ    
VWGHY 0-NJ    
FRY     
PLQ 0-NJ    
PD[ 0-NJ    
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0-NJ N:KNJ N:K Ș 
2DNZRRGPF    WKHRUHWLFDO ȘZRRG
V\QJDV     ȘJDVLILHU
3, engine/generator (calculated)   30 0.18 Ș eng* Ș gen (calculated) 
Wood to electricity total efficiency 0.12 ȘHOHFWULF
KHDWH[FKDQJHU     ȘKHDW 
Wood to electricity total efficiency 0.24 Ș tot (calculated) 
&RQFOXVLRQ
7KH FKDUDFWHUL]DWLRQ RI WKH GLIIHUHQW W\SHV RI ELRPDVV UHVXOWHG LQ D PRLVWXUH FRQWHQW JHQHUDOO\ VXLWDEOH IRU
EXUQLQJJDVLILFDWLRQ·7KHPDQXUHIXHOKDGDYHU\KLJKPRLVWXUHFRQWHQW$IXUWKHUGU\LQJRIELRPDVVFDQ
VLJQLILFDQWO\FRQWULEXWHWRLPSURYHWKHRYHUDOOHIILFLHQF\RIWKHJDVLILHU








DO +RZHYHU WKH VWXGLHGSODQW LV FDSDEOHRIXVLQJ DZLGHYDULHW\RIELRPDVVHV DQG LWPD\EH DQRSWLPDO
FKRLFHIRUDPLGVL]HIDUPRUZRRG60(
$FNQRZOHGJHPHQWV
7KLV UHVHDUFKZDV VXSSRUWHG E\ WKH )RQGD]LRQH&DVVD GL5LVSDUPLR GL 7UHQWR H5RYHUHWR WKH )LHPPH 
'.= VUO 3UHGD]]R 71 WKH 365&DODEULD SURMHFW (QHUJLD 6ORZ $XWKRUV ZRXOG OLNH WR WKDQNV 3URI ,QJ
/RUHQ]R)HOOLQ8QLYHUVLWjGHJOLVWXGLGL3DGRYD'U,QJ7RPDVR%HUWROLDQG'U$OEHUWR&RUQLD±%LRN:6UO
5HIHUHQFHV
%DVX3Combustion and gasification in fluidized beds%RFD5DWRQ)/7D\ORUDQG)UDQFLV
%KDWWDFKDU\D6& 0L]DQXU 5DKPDQ 6LGGLTXH 0'	 +RDQJ/XRQJ 3KDP $+  $ VWXG\ RQ ZRRG JDVLILFDWLRQ IRU ORZWDU JDV
SURGXFWLRQEnergy, 9RO,VVXH 
%ULGJZDWHU$97RIW$-	 %UDPPHU-* 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 $ WHFKQRHFRQRPLF FRPSDULVRQ RI SRZHU SURGXFWLRQ E\ ELRPDVV IDVW S\URO\VLV ZLWK
JDVLILFDWLRQDQGFRPEXVWLRQRenewable and Sustainable Energy Reviews, 9RO,VVXH 
&DSXWR  $ & 3DOXPER 0 3HODJDJJH 3 06FDFFKLD) (FRQRPLFV RI ELRPDVV HQHUJ\ XWLOL]DWLRQ LQ FRPEXVWLRQ DQGJDVLILFDWLRQ
SODQWVHIIHFWVRIORJLVWLFYDULDEOHVBiomass and Bioenergy±
&KULVWLDDQ09DQGHU0HLMGHQ+-9HULQJD/	5DERX3/0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